Abstract -NIST has completed commissioning a new, state-ofthe-art cryogenic primary standard for optical fiber power measurement and calibration. It establishes for the first time, a direct traceability route between the device under test and primary standard. A silicon micro-machined planar detector, incorporating a carbon nanotube absorber and superconducting transition edge temperature sensor, forms the basis of the radiometer, whilst advanced thermal filtering ensures noise-free operation. Measurement repeatability below 50ppm is routinely achieved. The measurement uncertainty (k=2) is 0.4%, a 20% improvement on NIST's previous capability. The new primary standard benefits the telecommunications industry.
I. INTRODUCTION
This paper heralds the completion of an ambitious program at NIST to redefine the traceability route for optical fiber power measurement and calibration that serves the telecommunication industry with world-wide recognition. We have successfully incorporated the new primary standard into our traceability chain and quality system.
The technology behind this development is not only applicable to optical fiber power measurement, but also to radiant power measurement across the broad wavelength spectrum from the ultraviolet to THz region, with unprecedented accuracy [1] - [3] .
Two planar detectors operating at 7.6 K and mounted to a thermal filter stack, are coupled to HI 780 and SMF 28 Ultra fiber respectively, for operation at 850 nm and 1310 / 1550 nm. Only one detector is operated at a time. The measurement process compares optical heating of the chip detector to electrical heating, known as electrical substitution radiometry. This is realized by a thin film heater deposited onto the chip.
The current uncertainty of 0.4 % is limited by the optical components and not the chip detector. This work illustrates a path forward to achieving our realistic goal of disseminating the fiber power scale at better than 0.1 % expanded uncertainty, by modification of the laser and beamsplitter, and an improved optical return loss measurement. This would represent an improvement of 5x on our current Calibration and Measurement Capability (CMC -BIPM). This work will also benefit an upcoming international optical fiber power meter calibration comparison between National Metrology Institutes.
II. TECHNOLOGY
Several, key enabling technologies are instrumental in the success of this work; silicon micro-machining, carbon nanotube growth and thermal filtering. Firstly, 20 chip detectors with superconducting wiring and transition edge sensor (TES) are fabricated on a commercial, 375 µm thick silicon wafer, followed by a vertically aligned carbon nanotube (VACNT) growth process using PECVD at 800 °C, which yields near unity (0.9997 visible & NIR), wideband (0.3 µm to 500 µm) radiant power absorbers. The planar detectors are 5.5 mm diameter, relatively fast (50 Hz) and inherently robust (Fig.1a) . Material compatibility issues, caused by growing VACNTs directly onto a functioning detector, were overcome by characterizing multiple candidate superconducting thin film metals congruent with high temperature VACNT growth. We use passivated vanadium for the superconducting wiring along the micro-machined silicon heat link to the thermal reservoir. The wiring has an elevated critical temperature (Tc) of 12 K and critical current (Ic) of 51 mA. Niobium was chosen for the thin film superconducting TES, and operates as an extremely sensitive resistive transducer. It is compatible with the nanotube growth process; however, the Tc is depressed to 7.6 K, due to material diffusion during the high temperature growth. Thin film tungsten is deposited around the periphery of the detector and is used as the electrical substitution heater.
Secondly, we incorporated passive thermal filtering components, designed for the region 4 K to 8 K and constructed from readily available magnetic phase change material (HoCu2), to filter the 1.4 Hz mechanical cryocooler thermal oscillation (Fig. 1b above) . This approach is particularly effective with more than 50 dB isolation, resulting in a thermal noise floor of 5 µK at the detector. Small long-term drifts in the temperature of the thermal reservoir are actively controlled by a weakly coupled PI feedback loop operating on the reservoir.
III. EXPERIMENTAL

A. Optical System
A temperature stabilized Fabry-Pérot laser diode is coupled to an enclosed three-way fiber beamsplitter via a variable optical attenuator, which incorporates an optical switch (Fig.2) . The three arms of the beamsplitter are in turn connected to the device under test (DUT at 25 % of total optical power), monitor (25 %) and the primary standard (50 %, 200 µW). The lasers were measured to have a linewidth Δλ of approx. 1.1 nm. Single-mode fiber (SM) is used throughout the system with the low temperature ends of the fibers terminated in a zirconia ferrule with a stainless-steel stem. The cryogenic system encompasses two fibers each irradiating identical detectors. The detector absorber is sensitive to optical radiation out to wavelengths of 500 µm, so it is imperative to ensure the fiber and fiber tip are well anchored. To this end, 20 turns of fiber is wrapped around the thermal stack to ensure adequate heat sinking and to thermally anchor the fiber-tip at 5 K. The zirconia ferrule is anchored at the heat-sink reservoir. The end of the fiber is polished flat and is positioned 2 mm in front of the detector. The flat polish facilitates optical return loss (ORL) measurements, which are required to correct for the change in refractive index of the fiber with temperature.
B. Optical Return Loss Measurement
The power output from the fiber was observed to increase as the system was cooled and thus a correction to the beamsplitter ratio, which is determined at room temperature, was required. The ORL correction is of the order 0.1 dB and was measured as a function of temperature from 300 K to 4 K. We know of no other temperature dependent ORL measurements as extensive as these. A commercial ORL meter was used for this purpose.
C. Beam Splitter Ratio Measurement
The beamsplitter ratio is required to relate the power measured by the cryogenic detector to the power seen by the DUT. The ratio between all pairs of the three arms of the beamsplitter was measured using fiber-coupled InGaAs and silicon photodiodes. The ratio is stable and precise (0.02 %), however, temperature dependent polarization effects manifest as a rate of change in the beamsplitter ratio of 0.1 % / °C.
IV. DISCUSSION
The expanded measurement uncertainty of the responsivity of the DUTs is determined to be 0.4 %, and is dominated by two components; the beamsplitter correction factor and the spectral dependence of the source. The standard uncertainty of these two components is respectively 0.16 % and 0.10 %. The measurement uncertainty would be improved by using a narrow linewidth laser and PM fiber throughout, a macroscopic fiber beamsplitter or optical switch, which is less temperature dependent than the fiber beamsplitter, and multimode fiber that passes all 3 wavelengths inside the cryostat. The multimode fiber would enable concurrent use of both absolute detectors to measure the beamsplitter ratio both before and after a measurement. Beyond these improvements, improved temperature stabilization of the beamsplitter and laser could be considered to further improve polarization dependent losses.
V. CONCLUSION
A new cryogenic primary standard, for the calibration of optical fiber power meters, is operating at NIST. The instrument uses thermal filtering for unprecedented stability and noise, and planar micro-machined detectors, with carbon nanotube arrays and superconducting sensors, for fiber power measurement. The detectors are vacuum coupled to laser diode sources using SM fiber anchored at 5 K. The system operates at a nominal radiant power level of 200 µW (-7 dBm), with an expanded uncertainty (k = 2) of 0.4 %. Our detailed measurement uncertainty analysis is dominated by the temperature dependence of the beamsplitter ratio, and the spectral linewidth of the source. The detectors themselves are fast, robust and cheap to produce. Commissioning of this new standard was completed in Dec. 2017. It has replaced the Laser Optimized Cryogenic Radiometer (LOCR) as the new primary standard for optical fiber power measurements at NIST.
